Anomalies in photosynthetic activity of the soybean cell line STR7, carrying a single mutation (S268P) in the chloroplastic gene psbA that codes for the D1 protein of the photosystem II, have been examined using different spectroscopic techniques. Thermoluminescence emission experiments have shown important differences between STR7 mutant and wild type cells. The afterglow band induced by both white light flashes and far-red continuous illumination was downshifted by about 4ºC and the Q band was upshifted by 5ºC. High temperature thermoluminescence measurements suggested a higher level of lipid peroxidation in mutant thylakoid membranes. In addition, the reduction rate of P700 + was significantly accelerated in STR7 suggesting that the mutation led to an activation of the photosystem I cyclic electron flow. Modulated fluorescence measurements performed at room temperature as well as fluorescence emission spectra at 77 K revealed that the STR7 mutant is defective in state transitions. Here, we discuss the hypothesis that activation of the cyclic electron flow in STR7 cells may be a mechanism to compensate the reduced activity of photosystem II caused by the mutation. We also propose that the impaired state transitions in the STR7 cells may be due to alterations in thylakoid membrane properties induced by a low content of unsaturated lipids. 
many other plant atrazine-resistant mutants, however, on the contrary, these mutants displayed higher levels of unsaturated lipids [17] [18] [19] [20] .
In this article, we report new data on the photosynthetic characteristics of the STR7 atrazine-resistant mutant. Significant alterations in PSII activity, state transitions and balance between linear and cyclic electron flows have been observed.
Materials and methods

Cell growth conditions
Two different cell culture lines from soybean (Glycine max L. cv. Corsoy) were used in this study: SB-P line, kindly provided by Prof. J.M. Widholm (Department of Agronomy, University of Illinois at Urbana, USA), here denoted as the WT strain, and STR7 mutant, obtained from SB-P line by selection against s-triazine herbicide [13] . Both cell lines were grown in solid media on 1.5% (w/v) agar plates in KN 1 medium under continuous low light (10 ± 5 µE m -2 s -1 ) at 24ºC and 5% CO 2 atmosphere [21] . Cells grown in liquid culture were maintained in a climate chamber where they were grown at 25ºC under continuous light at 25 µE m -2 s -1 before the measurements. Just before the assays, both cell lines were suspended in 50 mM Mes-NaOH (pH 6.5) buffer.
Thermoluminescence measurements
Thermoluminescence (TL) glow curves of soybean cell suspensions were measured using two similar home-built apparatuses designed by Dr. Ducruet (Saclay, France) for luminescence detection from 0ºC to 80ºC (standard TL) and from 10ºC to 160ºC (high temperature thermoluminescence, HTL). A detailed description of these systems can be obtained elsewhere [22, 23] . Typically, samples were dark-incubated for 2 min at 20 o C, then was flushed on the sample during HTL experiments in order to desiccate samples and prevents any oxidation induced by high temperatures. The instruments were driven by a PC computer, with a specially developed acquisition program [24] . Data acquisition, signal analysis and graphical simulation were performed as previously described [23, 24] . 720 nm illumination was performed with a tungsten lamp through a 720 nm cut-off filter (4 µE m -2 s -1 light intensity).
P700 + re-reduction kinetics
The redox state of P700 was monitored by measuring the absorption changes at 820 nm using a dual-wavelength detector Walz ED-P700DW-E attached to a PAM-102 fluorimeter (Walz, Germany). Measurements were performed at 20°C by placing a light guide close to a cell colony in agar Petri dishes. Each colony was illuminated for 30 s by a FR light from a Walz 101-FR LED at setting 10 in order to oxidize P700. Re-reduction of P700 + in the dark was then recorded. Decompositions of re-reduction kinetics into exponentials were done with Sigmaplot 8.0 software.
Fluorescence measurements
Dark-adapted cell suspensions were successively illuminated by red light (PSII light) for 12 min, red light plus far-red light (PSI light) for 12 min, and, finally, by red light alone. Red light (80 µE m -2 s -1 ) was provided by a tungsten halogen lamp through a 650 nm cut-off filter.
Far-red light was provided by a FR-101 Walz LED connected to a PAM-102 unit, generally set at intensity 10. Maximum fluorescence yield (F m ) was measured during exposure of cell suspensions to a saturating flash (1 s, 3000 µE m -2 s -1 ) using a pulse amplitude modulation fluorimeter (Walz, Germany) as described elsewhere [25] . The relative change in fluorescence was calculated as [(F m1 -F m2 )/F m1 )] x 100.
For fluorescence spectra, cells from 21-day-old cultures were suspended in 50 mM MESNaOH, pH 6.5, placed in a 3-mm quartz tube and illuminated at 650 nm or 720 nm for 20 min at room temperature with a 1000 W ORIEL 66187 tungsten halogen lamp. Control samples were not exposed to any selective light treatment. All samples were subsequently frozen in liquid nitrogen. Fluorescence spectra were recorded at 77 K by exciting samples with the tungsten halogen lamp and a double 0.22 m SPEX 1680B monochromator. Excitation light was at 470 nm (3.6 nm slit width) and emission was detected from 650 to 800 nm (1.92 nm slit width). Fluorescence was detected through a 0.5 JARREL-ASH monochromator with a Hamamatsu R928 photomultiplier tube. All measurements were corrected from the system response. Chlorophyll fluorescence emission spectra exhibited peaks at 680 nm and 685 nm due to chlorophyll a associated to PSII and at 735 nm from chlorophyll a molecules associated mainly to PSI. All spectra were normalized at 685 nm.
Results
Thermoluminescence emission bands from Photosystem II
The thermoluminescence emission technique consists in illuminating a photosynthetic sample at a temperature low enough to block charge recombination processes, then revealing the different types of charge pairs as luminescence emission bands by progressive warming (for a review see [22] ). Several TL bands originating from different recombination reactions in PSII can be identified and characterized by this method.
In this work, we have studied some of the most relevant TL bands in dark adapted soybean cell suspensions from WT and STR7 cell lines (Fig. 1) . They also confirm the AG band downshift observed in STR7 TL curves generated by white light flashes (Fig. 1A) . A similar AG band downshift has been detected in maize leaves when PSI cyclic electron flow is induced [8] .
In order to study recombination reactions involving Q A , TL band emissions obtained after flashing WT and STR7 soybean cell suspensions previously incubated in the presence of 50
µM DCMU have been recorded (Fig. 1C ). In these samples after one flash of white light, the B and AG bands completely disappeared and two other TL bands were detected: (1) at low temperatures, a well-known Q band corresponding to the S 2 Q A -recombination; and (2), at high temperatures, a small band with a t max above 60°C that could be assigned to the C band, corresponding to Tyr D + Q A -recombination [22] . The Q band showed a significant upshift of about 5ºC in STR7 cells (t max of 4ºC) as compared to WT cells (t max of 9ºC).
Evaluation of lipid peroxidation by high temperature thermoluminescence
Lipid peroxidation status has been studied in both WT and STR7 cells by using the high temperature thermoluminescence emission technique (see Materials and Methods section).
Several luminescence high temperature bands (HTL bands) have been observed without prior illumination at temperatures above 60°C [28] . A broad HTL band centred near 130°C (known as the HTL2 band) is generated because of the thermal radiative decomposition of lipid peroxides that, in turn, leads to the formation of carbonyl groups in a triplet state followed by migration of excitation energy toward chlorophylls [28] . It has been demonstrated that this band is indicative of oxidative damage in stressed plants [28, 29] . The amplitude of this band has been well correlated with the accumulation of malondialdehyde, an indicator of lipid peroxidation in standard chemical tests [28] . Consequently, HTL2 measurements have been used to study lipid peroxidation in plants subjected to various photooxidative stress conditions [30, 31] . Fig. 2 shows that the STR7 mutant presented a very intense HTL2 band (t max at 135º C) in comparison with WT, suggesting a high level of lipid peroxidation in thylakoid membranes of STR7 cells.
Monitoring cyclic electron flow by P700 + re-reduction kinetics
Cyclic electron flow was examined in both WT and STR7 mutant soybean cells by measuring the kinetics of P700 + reduction after FR excitation [32] . FR light illumination caused the oxidation of P700, monitored as an absorbance increase at 820 nm (data not shown). P700 + re-reduction was then followed by measuring the absorbance decay at 820 nm after turning off the FR light (decay traces in Fig. 3 ). The kinetic of these absorption changes included two main exponential components. Bi-exponential decay parameters are in agreement with those determined in C3 and maize plants for a similar electron transfer reaction [1, 8, 33] . The fast component (about 90% of the total amplitude) decayed with halflives of 1.52 and 0.45 s in WT and STR7 mutant, respectively, whereas for the slow component, half-lives were 3.35 s (WT) and 3.11 s (STR7) ( Table 1 ). These results show that the overall reduction kinetics of P700 + was much faster in STR7 cells than in WT, suggesting that cyclic electron transfer is activated in this mutant [8] .
State transitions
Two different kinds of fluorescence measurements were performed in order to detect differential changes in PSII fluorescence when WT and STR7 cells are exposed alternatively to light favouring PSII or PSI excitation (Fig. 4) . The main objective of these experiments was to determine whether the state transitions process is affected in STR7 mutant. Modulated fluorescence measurements at room temperature have been carried out as described elsewhere (Table 2 ). Measurements of P700 + reduction kinetics after FR illumination indicated that a cyclic pathway provides electrons faster to PSI in STR7 in comparison with WT (Fig. 3) . The significant downshift of the AG band observed in the mutant (Fig. 1 ) also suggests that a cyclic/chlororespiratory pathway would be permanently operative, so that the backflow of electrons towards S 2/3 Q B -centres generating this band occurs at lower temperatures [5, 8] .
Discussion
These results allow us to propose that in the STR7 mutant the cyclic electron transport is active under normal growth conditions. The STR7 mutant has a reduced PSII capacity and, thus, it is likely to develop a compensatory mechanism for maintenance of a normal photosynthetic activity. The correlation of an inhibition of linear electron flow with an activation of cyclic electron transfer pathway around PSI has already been proposed [39] .
State transitions measured by changes in maximal fluorescence (Fig 4A) when cells are exposed alternatively to light favouring PSII excitation and light favouring PSI excitation were hardly detectable for the STR7 mutant. Low-temperature fluorescence emission spectra measured at 77 K indicated that in the mutant there is no transition from state 2 to state 1.
These results demonstrated that the STR7 mutant is defective in state transitions and that it is probably locked in state 2. It has been proposed that state transitions may be a mechanism of regulation of linear and cyclic electron transport [11, 12] . In state 2, redistribution of the LHCII antenna from PSII to PSI and migration of a fraction of cytochrome b 6 f complex from the grana to the stroma lamellae induce cyclic electron flow around PSI. Our results suggest a correlation between permanent operation of cyclic electron transport in STR7 mutant and its presence in state 2.
The results of this work show that the STR7 mutant is in state 2 under all illumination conditions tested, including that inducing state 2 to state 1 transition (i.e. 720 nm light) (Fig.   4 ). State transitions reflect the reversible association of part of the LHCII with either PSII (in state 1) or PSI (in state 2) depending on the redox state of the intersystem electron carriers.
However, fluorescence induction experiments did not show any significant differences in the redox state of plastoquinone pool between WT and STR7 mutant cells (data not shown). In plants, the movement of LHCII depends on its phosphorylation [40] . However, our results do not suggest any reason why LHCII could not be phosphorylated or dephosphorylated in the mutant. Thus, the only possible explanation to understand why the state transitions are blocked in the mutant is that there is no movement of the dephosphorylated LHCII from PSI towards PSII. As already mentioned in this paper, the thylakoid membrane of the STR7 mutant is more rigid than that of the WT [14, 16] . An increase in the thylakoid membrane rigidity could be responsible for locking the STR7 cells in state 2 due to impaired lateral diffusion of protein complexes. A similar conclusion was obtained when state transitions were studied in cyanobacterial mutants defective in thylakoid membrane unsaturation [41] . The analysis of
Arabidopsis mutants defective in thylakoid membrane unsaturation, lacking mutations in the psbA gene [42] , may help to clarify this mechanism.
It is more difficult to understand why a point mutation in the PSII D1 protein induces such changes. The plant ω3 fatty-acid desaturases FAD7, FAD8 and FAD3 are responsible for the production of trienoic fatty-acid. Their activities are responsible for the maintenance of appropriate thylakoid membrane fluidity. The expression of these enzymes seems to be regulated in response to light [43] and to photosynthetic electron transport activity (Collados, Picorel and Alfonso, unpublished observations) in soybean cells. Studies are in progress in our laboratory to further test this hypothesis. 
